Background and Aims Roads as corridors of seed or fruit spatial dispersal have major impacts on the establishment and spread of invasive species, but their precise role in population genetic variation remains poorly understood. The South American weed Mikania micrantha has spread rapidly across southern China since its introduction to the Shenzhen area in 1984. This study investigated how its genetic diversity is distributed along highways, and whether highways have acted as corridors for the rapid expansion of M. micrantha.
INTRODUCTION
Roads not only provide suitable conditions for the establishment and growth of exotic species, but also act as effective corridors for the spread of alien plant species (Jodoin et al., 2008; Dar et al., 2015) . For example, roads may represent the primary pathways for the introduction of alien plant species (Dar et al., 2015) . Moreover, roadsides also act as reservoirs of invasive plant seeds that can be unintentionally dispersed over very long distances via human-mediated dispersal, such as carrying and dispersing seeds on vehicles, clothing and domesticated animals (Ansong and Pickering, 2013; Dar et al., 2015) . Until now, most of these studies, indicating that roads act as corridors and habitats for invasive plants dispersal, have focused on the spatial distribution patterns of the invasive plants along the road network in particular areas, or on the diversity and abundance of species (Jodoin et al., 2008; Ansong and Pickering, 2013; Dar et al., 2015) . However, there have been few studies on the genetic variation of populations along roadsides. Even though roads may be important contributing factors in biological invasions, their precise roles in the spatial spread of alien species remain poorly understood (Dar et al., 2015) . Investigations into the genetic variation of roadside populations are essential for understanding their patterns and pathways of dispersal because genetic and evolutionary processes may be the keys to whether invasive species are established and spread (Sakai et al., 2001; Ma et al., 2011) .
Mikania micrantha (family Asteraceae), commonly called 'mile-a-minute', is a perennial creeping vine that originates from tropical Central and South America and is one of the most prevalent weeds worldwide (Kong et al., 2000; Wang et al., 2008) . The weed reproduces readily through both sexual and vegetative means (Zhang et al., 2004) . It reproduces sexually with high rates of seed production (up to 20 535-50 297 seeds per plant under field conditions) and seed germination (up to 83Á3 % under favourable conditions) (Zan et al., 2000) , and reproduces asexually through shoots that are produced from small stem fragments and rosettes (Wang et al., 2008) . Seeds are dispersed by wind or water, but the most efficient mechanism is to become attached to clothing, animals or machinery (Wang et al., 2008) . Mikania micrantha displays a strong invasiveness and can rapidly form dense seedling populations and aggressive colonies. Once established, this species smothers and displaces the native vegetation.
In Asia, the earliest record of the species dates from 1884, when it was a cultivated plant in Hong Kong (Wang et al., 2003) . In mainland China, the oldest record of the species is in 1984 in Shenzhen, Guangdong Province, which is adjacent to Hong Kong (Kong et al., 2000) . Since then, the species has spread rapidly over Guangdong and poses a serious threat to plant growth and the biodiversity of native vegetation, including farmlands, orchards, lawns, mangroves, secondary forests, scrublands, waste grounds, ponds, seashores and roadsides (Zan et al., 2000; Wang et al., 2003; Zhang et al., 2004) .
As a genetic consequence of the rapid expansion of M. micrantha in southern China, high levels of genetic variation and differentiation have been detected in the introduced populations, and the lack of geographical structure in their genetic variation was attributed to human-mediated long-distance dispersal events of seeds or propagules (Wang et al., 2008) . However, very few ecologists have considered the possibility that highways have acted as corridors for the rapid expansion of M. micrantha in southern China. In Guangdong Province, which is the main distribution region of M. micrantha in southern China, the highway network extends over a large area. Road construction, maintenance operations and transportation have major impacts on the colonization and spread of invasive species (Trombulak and Frissell, 2000; Hawbaker et al., 2005; Ma et al., 2011; Dar et al., 2015) . The seeds of M. micrantha can be carried to other places by adhering to vehicles, and the invasive species can complete the colonization of roadsides using released seeds. It is very likely that highways become corridors for the spread of this invasive species.
In this study, we took M. micrantha samples along four highways at different locations in southern China and examined its genetic variation using microsatellite markers. Because the genetic variation and structures of invasive populations reflect the interactions of human-mediated and natural dispersal, the acquired data are used to study how the weed's genetic diversity is distributed along the highways and whether highways have acted as corridors for the rapid expansion of M. micrantha in southern China. First, if the weeds' expansion along highways was driven mainly by natural forces (presumably by wind, as this species produces typical achene-pappus units), then it would be restricted to short-distance (step-by-step) dispersal and would experience a series of population bottlenecks and genetic drift during colonization. Reductions in both allelic richness (AR) and genetic diversity would be expected for the roadside populations as the distance from Shenzheng (the first area invaded in mainland China by M. micrantha) increased (Hassel et al., 2005; Ma et al., 2011; Li and Geng, 2015) . Second, if the expansion was facilitated by anthropogenic activity (vehicle transportation), then the weed would undergo long-distance dispersal. Then, little genetic differentiation would occur among populations, a lack of clear geographically related genetic structures among populations would be expected, and a strong gene flow in the studied highway populations might be detected. This would imply that the highways have acted as corridors for the expansion.
METHODS

Plant materials
In July and August 2012, we sampled 27 populations of M. micrantha along highways in Guangdong Province, China, at least 40 km apart ( Fig. 1 and Table 1 ). These highways were classified into four groups: Western Line (WL, including the Zhuhai to Zhanjiang section of the G15 and the S32 highways), Middle Line (ML, including the Shenzhen to Guangzhou section of the G15 highway), Northern Line (NL, including the S21 and the G35 highways) and Eastern Line (EL, including the Shenzhen to Shantou section of the G15 highway). Because Shenzhen was the first area invaded by M. micrantha in mainland China (Wang et al., 2008) , these groups represented the different dispersal directions of M. micrantha from Shenzhen to the other areas in southern China. The last population in each group or in each direction of expansion along highways from Shenzhen was located on the distribution edge of M. micrantha in southern China, and the weed was not found again along the highways 40 km after the last population centres. Leaf materials were collected from 18-30 randomly selected individuals in each population at intervals of at least 10 m and were stored with silica gel in zip-lock plastic bags until DNA was isolated.
DNA extraction and microsatellite amplification
Total genomic DNA of each sample was extracted using the protocol of a modified cetyltrimethyl ammonium bromide (CTAB) method (Doyle and Doyle, 1987) . The quality and concentration of DNA extracted were checked by electrophoresis on 1 % agarose gels by comparison with a DL 2000 DNA ladder (Baosheng Company) and by spectrophotometry. DNA samples were diluted to 50 ng lL À1 and stored at À20 C. All samples were analysed using 12 simple sequence repeat (SSR) primers (Table 2) that were previously reported to be highly polymorphic (Hong et al., 2008) . The PCR amplification of SSR loci was carried out in a 20 lL total volume containing 1 lL of genomic DNA (40 ng lL C were performed, with a final extension at 72 C for 10 min. PCR products were separated on 8 % denaturing polyacrylamide gel along with a 20-bp DNA Ladder Marker (TaKaRa) representing the size standards. Electrophoresis was conducted for 2Á5-3 h at 90 W. After electrophoresis, PCR products were visualized using silver staining (Bassam et al., 1991) . Negative controls, in which the template DNA was replaced with ddH 2 O in the PCR, were included with each PCR run to verify that the samples were not contaminated.
Data analysis
The DNA banding patterns produced using the markers were scored for the presence or the absence of each amplified band. Alleles were alphabetically coded (A, B and C for each band) in decreasing size order, and samples with single bands were assumed to be homozygous. To estimate the genetic diversity within and among populations, we calculated the number of distinct genotypes detected per population (G), as well as the genotypic richness (R), where R ¼ (G À 1)/(N À 1), which varies from 0, when all of the N plants in a population are the same genotype, to 1Á0, when all of the plants are of different genotypes. The observed proportion of asexual propagation [rate of clonal reproduction (CR)] in populations was calculated as 1 -(G/N) (Dorken and Eckert, 2001 ). The allelic richness (AR) was calculated using the software FSTAT 2.9.3.2 (Goudet, 2002) . The effective number of alleles (Ne), the observed heterozygosity (H o ), the expected heterozygosity (H e ) and the Shannon information index (I) were calculated using POPGENE 32 (Yeh and Boyle, 1997) . The Wright F-statistic (F ST ) was used to estimate the variance among the populations using 1000 permutations of the genotypes (Peakall and Smouse, 2006) . Gene flow (N m ) or the number of migrants per generation among populations was also estimated from F ST using POPGENE 32.
The binary dataset was used to calculate Nei's genetic distance between the 14 populations using POPGENE 32 (Nei, 1978; Yeh and Boyle, 1997 ) and a distance matrix was generated. The corresponding cluster analysis was performed based on Nei's genetic distances, employing the unweighted pairgroup method with arithmetic average (UPGMA) algorithm provided in the computer program NTSYS version 2.10 (Rohlf, 1994) . Finally, a SAHN module plot of NTSYS was used to plot the dendrogram, and the robustness of the tree was tested using a bootstrap analysis (1000 iterations). A hierarchical analysis of molecular variance (AMOVA) was performed after 1000 permutations to determine how the genetic diversity was partitioned within and between populations using GenAlEx version 6.3 (Peakall and Smouse, 2006) .
A principal component analysis was carried out by GenAlEx version 6.3 (Peakall and Smouse, 2006) , assessing the diversity relationship among all of the populations. Spearman's correlation analysis was used to assess correlations between the genetic diversity estimates and sample size using SPSS 11.0 software (D'Amico et al., 2001) . A Mantel test was carried out to examine whether the genetic distances between population pairs were linearly related to their geographical distances using GenAlEx version 6Á3 (Peakall and Smouse, 2006) .
RESULTS
Genetic diversity
To profile the 787 M. micrantha individuals from the 27 roadside populations, 12 SSR primer pairs were utilized. All of the loci were polymorphic in all of the populations. The 12 SSR loci generated 32 SSR alleles with an average of 2Á7 per locus. The sizes of the amplified bands ranged from 160 to 300 bp.
The genetic diversity estimations are summarized in Table 1 . At the species level, the number of distinct genotypes (G) detected was 758. Additional parameters measured were:
At the population level, G varied in a wide range from 16 to 30 with an average of 28. By contrast, the genetic diversity estimations varied in a narrow range: CR was in the range of 0-0Á2, with an average of 0Á03; R was in the range of 0Á793-1Á0,
Sampling plots of Mikania micrantha in Guangdong Province, South China. Population names are given in Table 1. with an average of 0Á968; AR and N e per population were in the ranges of 2Á381-2Á583 and 1Á801-2Á227, respectively; H e and H o for each population were in the ranges of 0Á394-0Á541 and 0Á408-0Á608, respectively, with averages of 0Á477 and 0Á512, respectively; and I had an average of 0Á751 in a range of 0Á638-0Á843. The results showed that genetic diversity at the species level was similar to that at the population level. In addition, there were no significant corre lations between the genetic diversity parameters and sample size (r ¼ -0Á279, P ¼ 0Á159 for AR; r ¼ 0Á121, P ¼ 0Á547 for N e ; r ¼ 0Á086, P ¼ 0Á671 for H e ; r ¼ 0Á193, P ¼ 0Á335 for H o ; and r ¼ 0Á085, P ¼ 0Á672 for I, Spearman's correlation test), although the sample size varied from 18 to 30 individuals per population. At the regional level (within highways), the average H e values were 0Á492, 0Á495, 0Á500 and 0Á487 in the ML, EL, WL and NL populations, respectively. The differences between populations from different highways were not significant (MannWhitney test, P ¼ 0Á267 for ML and EL; P ¼ 0Á444 for ML and WL; P ¼ 0Á248 for ML and NL; P ¼ 0Á901 for EL and WL; P ¼ 0Á896 for EL and NL; and P ¼ 0Á734 for WL and NL).
Genetic differentiation
Among the 27 populations of M. micrantha, the mean F ST was 0Á044, indicating a relatively low level of genetic differentiation among the studied populations. The N m estimated from F ST was extremely high (N m ¼ 5Á478). For comparisons, the degree of population genetic differentiation was also quantified by other parameters. An AMOVA showed that U ST ¼ 0Á090. Of the total genetic diversity, only 9 % resided among populations, while the great majority (91 %) was within populations (Table  3) . When the populations were grouped into four highways (ML, EL, WL and NL), a hierarchical AMOVA indicated that 91 % of the total variation was accounted for by differentiation among individuals within populations, with 9 % among populations within regions but 0 % among regions (Table 3 ). The results indicated that there were not significant differences in the genetic differentiation among the ML, EL, WL and NL highways.
Genetic relationships among populations
A cluster analysis (UPGMA) based on Nei's genetic distances elucidated the genetic relationships among 27 N, the number of individuals sampled; G, the number of distinct genotypes detected; CR, the rate of clonal reproduction, CR ¼ 1 -( G/N ); R, a measure of genotypic richness, R ¼ ( G À 1 )/( N À 1); AR, allelic richness; N e , effective number of alleles; H e , expected heterozygosity; H o , observed heterozygosity; I, Shannon information index. populations of M. micrantha. The genetic distances among all of the populations varied in a narrow range (0-0Á127). The dendrogram showed that the 27 populations were grouped into one cluster. The populations were very closely associated with each other (Fig. 2) , and their genetic distance values were very low. The genetic relationships among the 27 populations were also investigated by a principal coordinate analysis (PCoA) (Fig. 3) . The populations did not form clearly separate groups.
The Mantel test of data for all 27 populations indicated that there were significant correlations between genetic distances and corresponding geographical distances (r ¼ 0Á285, P ¼ 0Á020). However, within highways, the results showed no significant correlations between genetic distances and corresponding geographical distances for ML (r ¼ -0Á509, P ¼ 0Á210), EL (r ¼ 0Á169, P ¼ 0Á130) and WL (r ¼ -0Á400, P ¼ 0Á080) populations, but there was for populations of NL (r ¼ 0Á645, P ¼ 0Á040).
DISCUSSION
Genetic diversity and invasiveness
Our SSR data showed that roadside M. micrantha had an extremely high genetic diversity and AR not only at the species level but also at the population level (Table 1) . The values were much higher than in several other invasive species of Asteraceae in China Tang et al., 2009; Ma et al., 2011) , and were even higher than in a previous study using inter-SSR (ISSR) markers for this species in southern China (Wang et al., 2008) . Although SSR markers could reveal much more genetic variation than ISSRs, the results were unexpected for these roadside populations, which had short invasive histories (10-20 years). Our data also showed that the genetic diversity estimations of populations varied in a narrow range, whether among highways or within highways. The genetic uniformity paralleling the road contrasted with the background of geographical heterogeneity. There are two possible explanations for the observed patterns.
Firstly, the sexual reproduction mode could help the weed to maintain a relatively high level of genetic diversity. Although this species can reproduce asexually by stolons, the clonal individuals only grow within several metres of the mother plant. Because the individuals sampled were at intervals of at least 10 m from each other, the mean rates of clonal reproduction (CR ¼ 0Á030) observed in the populations were low. Conversely, this species reproduces sexually with high rates of seed production and seed germination (Zan et al., 2000) , which allowed the weed to rapidly form dense seedling populations. Sexual reproduction allows for gene flow within and among populations, which helps invasive plants to overcome founder effects and tends to increase population genetic variation (Godt and Hamrick, 1991; Pappert et al., 2000) . Secondly, repeated introductions of seeds among populations could help the populations to accumulate additional genetic diversity (Ren et al., 2010) . Multiple introductions can create a high level of genetic variation in introduced populations by transforming among-population variation from different geographical sources into within-population variation (Kolbe et al., 2004; Wang et al., 2008) . Because the genetic diversity estimates of the populations did not show significant differences among different highways and varied within a narrow range within highways, repeated or secondary introductions of seeds among populations may have frequently occurred during the colonization of the roadside populations. However, seed dispersal aided by natural forces could not be the determining factor for the weeds' expansion along highways due to geographical barriers, such as long distances between populations (at least 40 km apart), rivers and mountains. In addition, the four highways represented the different dispersal directions of M. micrantha from Shenzhen to other areas. Natural forces (such as wind) could not bring the seeds to the different directions in the fruit's mature period. The heavy traffic on the highways associated with economic development in this area could be the main force driving the seed dispersal and result in genetic admixtures of the roadside populations.
Propagule pressure is an important factor in the establishment of introduced species (Allendorf and Lundquist, 2003) . For this species, founding individuals would be carried to the newly established populations via the heavy traffic on the highways, reducing the effects of any population bottleneck. Most importantly, these individuals could originate from different source populations, which could result in the hybridization between individuals, giving the introduced populations a high level of genetic variation. By contrast, small founding numbers and low genetic diversity in an introduced species will limit its invasive success (Kinziger et al., 2011 ). Therefore, the high level of genetic diversity in populations and the gene flow produced by the heavy traffic on the highways may have aided the invasiveness of M. micrantha.
Genetic structure and the role of highways as corridors Based on both F ST and AMOVAs, a relatively low level of genetic differentiation was found among all of the M. micrantha roadside populations on highways in southern China. The AMOVA indicated that most of the genetic variation (91 %) resided within populations, rather than among populations (9 %) or among regions (highways, 0 %). The level of genetic differentiation among populations (F ST ¼ 0Á044, P < 0Á01) was much lower than the values reported for several other invasive species of Asteraceae in China Tang et al., 2009; Ma et al., 2011) . Considering that the populations studied were located on the roadsides of four highways (from different directions) and were at least 40 km apart from each other, such a low level of genetic differentiation among populations was surprising.
Mating systems may have effects on the genetic differentiation among weed populations. This weed is self-incompatible and requires insect pollination (Hong et al., 2007) . In general, long-term inbreeding in populations can cause genetic differentiation among populations, and results in an inbreeding depression that is harmful to local adaption and long-term development (Ellstrand and Schierenbeck, 2000; BurgosHernandez et al., 2013) . The self-incompatible mechanism in this weed can effectively avoid population inbreeding depression and may contribute to reduce the genetic differentiation among populations. However, when compared with the U ST value (U ST ¼ 0Á323) in the previous study for this species in southern China (Wang et al., 2008) , the low level of genetic differentiation among roadside populations (U ST ¼ 0Á090) could not simply be attributed to the self-incompatible mechanism in this weed.
Long-distance fruit dispersal associated with anthropogenic activity (vehicle transportation) may be the most important cause leading to such a low level of genetic differentiation among populations. Although there are geographical long distances among populations along each highway (95Á8 km between M1 and M4; 353Á1 km between E1 and E11; 405Á7 km between W1 and W8), the Mantel test of these populations revealed no significant relationship between geographical and genetic distances. The results suggest that there was little evidence of isolation-by-distance among populations of M. micrantha along individual highways. Furthermore, populations from the same highway did not group together in the PCoA, while the cluster analysis showed that some pairs of geographically distant populations or different highway populations (e.g. W8 and N1) were more closely related than other pairs that were geographically closer to each other or distributed along the same highway. These results suggest that the lack of a clear geographical population structure of genetic variation may be mainly attributed to the long-distance dispersal of fruit among populations. The dense road network and frequent vehicle transportation in southern China facilitates the long-distance dispersal of fruit both within the same highway and within different highways.
The strong gene flow (N m ¼ 5Á478) in the studied highway populations supports this conclusion. In general, N m can reduce the genetic differences between populations and increase the genetic variation within populations (Mengesha et al., 2013) . Thus, the long-distance dispersal of fruit results in admixtures among populations via repeat introductions. The admixtures promote genetic variation within populations, due to the introduction of different source genes, and reduce the genetic differentiation among populations (Ma et al., 2011) .
However, the highways could act as corridors for the spread of M. micrantha in southern China. Firstly, roadsides, which act as habitats of colonization and reservoirs of propagules, may serve as starting points for this species to spread from one place to another, providing potential dispersal corridors (Parendes and Jones, 2000; Cadenasso and Pickett, 2001; Dar et al., 2015) . Secondly, the heavy traffic on highways may play an important role for the long-distance dispersal of fruit. The fruit of M. micrantha is small (1000 fruit weight ¼ 0Á089-0Á108 g) and is often found in vehicles, as well as in the goods or clothing of travellers carried by vehicles. In general, small fruits are easily carried by vehicles associated with agricultural and industrial production, and travellers (Lelong et al., 2007; Jodoin et al., 2008; Ansong and Pickering, 2013) . Thirdly, the airflow created by the vehicles on highways facilitates the shortdistance dispersal of fruits. The airflow can lift the fruits and results in longitudinal dispersal. Single seeds of some invasive plants reached a maximum distance of 45 m by airflow (von der Lippe et al., 2013) .
In summary, the invasive M. micrantha populations along highways in southern China have unique genetic properties (with extremely high levels of genetic diversity and relatively low levels of genetic differentiation among populations), and might be an intermixture resulting from repeat introductions among populations within and between highways. These results are consistent with facilitated dispersal along highways. Our study reconstructed the spread of M. micrantha and highlights the importance of highways as corridors for the weed's spread, especially for long-distance dispersal, in southern China.
